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TESTING FACILITIES
The evaluation of prototype capacitor technologies involved both static and dynamic tests at elevated temperatures. The capacitor testing was done by the Oak Ridge National Laboratory (ORNL) personnel at its Power Electronics and Electric Machinery Research Center (PEEMRC) located at the National Transportation Research Center (NTRC). The PEEMRC has over 9000 square feet of space for developing and building the next generation of inverters and electric machine technology.
The evaluation of prototype magnet technologies was also done by ORNL personnel at the ORNL main campus using a Walker Scientific AMH 40 hysteresisgraph which is capable of providing a full fourquadrant hysteresis graph as well as minor loop recoil tests at elevated temperatures.
OBJECTIVE
As capacitor and magnet technologies mature, it is important to ascertain the limitations of these new technologies by subjecting the components to standardized tests to evaluate their capabilities. Test results will assist in the determination of their ability to provide improvements in power electronics and motor designs to meet the FCVT goals.
APPROACH
Capacitor performance data must be acquired for analysis; therefore, it was necessary to develop a test stand that logs data at predetermined temperature extremes and controls thermal cycling between these extremes. This test stand includes: a data acquisition system (DAQ) operating on a Dell workstation; an environmental chamber; an alternating current (ac) amplifier, signal generator, direct current (dc) power supply, thermocouple interface, wattmeter, inductance capacitance and resistance (LCR) meter, infrared camera, and a megohmmeter.
A full four-quadrant hysteresis graph was used to evaluate the new magnet technologies over the full range of temperatures from 20°C -235°C.
CAPACITOR TEST STAND DESCRIPTION
Capacitors were tested in two modes, statically and dynamically. The static test mode does not require a dc bias voltage and ripple current to be applied. The capacitor parameters that are measured in the static mode are: (1) effective series resistance (ESR), (2) dissipation factor (DF), and (3) capacitance value. The capacitor is placed in an environmental chamber and the temperature is cycled between the temperature limits using steps of 20ºC. The three parameters are measured at each temperature step.
The dynamic test mode requiresa dc bias voltage and ripple current to be applied. When a capacitor is used on a dc bus, the maximum ripple current capability is an important specification. The dynamic test determines the maximum ripple current at different ambient temperatures.
Capacitor testing in the static mode requires a thermal cycling process that must continue uninterrupted for extended periods of time. To accomplish this long term testing, a DAQ using LABView was developed to control the environmental chamber and log data from the measuring instruments. This DAQ allows the operator to input upper and lower temperature limits as well as temperature steps to be used during the evaluation. The program commands a target temperature to the environmental chamber and, when that temperature has been reached, it monitors a capacitor parameter for stability. After this parameter is stable, the program logs the capacitor data from the LCR meter at predefined test frequencies before another temperature step is commanded.
Capacitor testing in the dynamic mode uses the DAQ to receive ripple current and bias voltage input from the operator and command a target temperature to the environmental chamber. The following instruments can also be selected from the LABView control panel at each temperature step: wattmeter, infrared camera, thermocouples, LCR meter, and a megohmmeter. These instruments are included in the test at the appropriate time.
An ac amplifier, shown in Fig. 2 .1, is used in conjunction with a signal generator to apply ripple current to the capacitor during the dynamic test. 
DATA ACQUISITION IN THE STATIC MODE
The DAQ consists of a Dell Precision 380 Workstation running LABView 7.1. In the static mode, the instruments used to log data are an Espec environmental chamber and an Agilent 4284 LCR meter. The static input screen is shown in Fig. 2 .2.
At the beginning of the static thermal cycling test, after all temperature steps and test frequencies have been entered, the program turns on the environmental chamber and commands a target temperature to the chamber. After the target temperature has been reached and a pre-programmed delay time has been met, the program sends a command to the LCR meter to output the first test frequency and then begins to monitor the ESR from the capacitor under test. When that value is stable, the ESR is recorded and the next parameter is measured and recorded. After the values for ESR, DF, and capacitance are recorded at the first test frequency, the command is given to the LCR meter to output the next test frequency, and the monitoring and recording process is repeated. After all data are recorded at all test frequencies, the next temperature step is commanded to the environmental chamber and the process is repeated.
Fig. 2.2. Static test input screen.
The pre-programmed delay discussed earlier is to ensure that the temperature of the dielectric has equalized once the target temperature of the environmental chamber has been reached. When a temperature difference between the ambient temperature of the chamber and the target temperature of the chamber is 40ºC or greater, the pre-programmed delay is invoked after the target temperature is reached. The amount of delay is determined by the operator and is based on the size of the capacitor. A larger capacitor will require a larger delay to ensure that the temperature of the dielectric is uniform. Following the delay, the program monitors the ESR for a stable reading before the value is recorded. This helps to ensure that ESR data are accurate.
DATA ACQUISITION IN THE DYNAMIC MODE
Capacitor testing in the dynamic mode requires a dc bias voltage to be applied to the capacitor under test along with a ripple current. The bias voltage value utilized is no more than 75% of the maximum rated dc voltage of the capacitor. As shown inFigure 2,3 the dc bias voltage is applied in series with the secondary of a transformer and across the capacitor under test. A capacitor placed across the output of the dc power supply provides protection from the ripple current during testing. The primary of the transformer is connected to the output of an ac amplifier. A signal generator is connected to the ac amplifier. This configuration will provide a ripple current that is at a dc level similar to what would be seen in an inverter. The signal generator also allows the ripple current frequency to be adjusted. The ripple current value in amperes (amps) can be adjusted by adjusting the gain of the ac amplifier. Thermocouples are attached at three different locations on the capacitor, one on each end and one in the middle to monitor temperature rise as ripple current values increase.
After the bias voltage and ripple current have been adjusted, the DAQ dynamic mode is activated and temperature limits and steps are entered. Ripple current amplitude and frequency can be changed along with the dc bias voltage at each temperature step if needed. Different measuring instruments can also be selected or turned off at each temperature step.
Fig. 2.3. Ripple current test schematic.
After all temperature steps and test frequencies have been entered, the program turns on the environmental chamber, commands a target temperature, and begins monitoring the chamber temperature. When the target temperature is reached, the program waits for operator input before logging ripple current, chamber temperature, and thermocouple data. The next temperature step will then be commanded. The dynamic input screen is shown in Fig. 2 .4. 
STATIC TESTING
Single film capacitors were extracted from the 2004 Prius capacitor module for benchmark testing in the static mode. No prototype film capacitors were received from developers for evaluation during this reporting period. All static tests were done using an Agilent 4284 LCR meter. No dc bias voltage or ac ripple current was applied during static testing.
A Kemet 1 uF capacitor was identified and tested as the ceramic benchmark. Pennsylvania State University (Penn State) supplied a 90 nF prototype high-temperature ceramic capacitor for testing.
SINGLE FILM CAPACITOR FROM THE PRIUS MODULE
A single 140 uF film capacitor was extracted from the Prius module to use as a benchmark. The module was taken to a materials laboratory to be x-rayed in order to identify the layout of the 10 capacitors in the module. The film was brought back to the PEEMRC laboratory and several single capacitors were extracted for testing. A static test of this capacitor at 5 kHz is shown in Fig. 3 .1. The capacitor is rated at 600 VDC. When tested at 5 kHz, the DF increased less than 0.5% over the entire temperature test range of -40ºC -140ºC. The capacitance value decreased less than 5% and the ESR increased less than 1 milliohm.
The ESR, DF, and capacitance values were measured at frequencies of 1 kHz, 2 kHz, 5 kHz, 10 kHz, and 15 kHz at three different temperatures: -40ºC, 20ºC, and 120ºC to determine their frequency response. Figures 3.3, 3 .4, and 3.5 show these results.
The ESR peaked at 10 kHz at all temperatures and increased from an average of 1.57 milliohms at 1 kHz to an average of 4.98 milliohms at 10 kHz. The average at 5 kHz was 4.32 milliohms.
The DF increased from a value of 0.14% at 1 kHz to a value of 2.04% at 5 kHz. At 10 kHz, the average value was 6.7%. Above 10 kHz the increase was substantial.
The capacitance value increased 9% from 1 kHz to 5 kHz at all three temperatures. Above 10 kHz there was a very substantial increase in capacitance that was evident up to 15 kHz. 
KEMET CERAMIC CAPACITOR
A Kemet 1 uF 500 Vdc ceramic capacitor was tested in the static mode as a ceramic benchmark. The capacitor is rated at 200ºC. The Kemet 1 uF ceramic capacitor was tested as the benchmark in the static mode over the temperature range of -40ºC -180ºC. The DF decreased from 1.96% to 0.21% and the ESR changed from 671 milliohms to 111 milliohms. The capacitance value was basically flat up to 140ºC, at that point it changed from .93 uF to .61 uF at 180ºC.
PENN STATE CERAMIC CAPACITOR
Penn State supplied a 90 nF 500 Vdc ceramic prototype high temperature capacitor for evaluation. The capacitor is rated at 300ºC. The static test of this capacitor at 5 kHz is shown in Fig. 3 .7.
Penn State 90nF Capacitor The Penn State prototype ceramic capacitor was tested in the static mode at 5 kHz over the temperature range of -40ºC -180ºC. The DF decreased from 6.39% to 1.8% and the ESR decreased from 144 ohms to 8.68 ohms. The capacitance value increased from 14.1-66.5 nF.
DYNAMIC TESTING
The single film capacitors extracted from the Prius capacitor module were also tested in the dynamic mode. The bias voltage was 250 Vdc. Maximum ripple current was determined at several different ambient temperatures; leakage current and effective series inductance (ESL) were also measured. No prototype film capacitors were available for dynamic tests during this reporting period.
Due to the size and application of the smaller value ceramic capacitors, they were not tested in the dynamic mode. The maximum ripple current was determined by increasing the current in 5 amp steps until the capacitor failed. After each increase, the temperature on the surface of the capacitor was allowed to stabilize before increasing the ripple current to the next value. At 100ºC ambient, the capacitor failed after 20 minutes at 70 amps of ripple current. The ambient temperature was raised to 140ºC and another single film capacitor was tested from the Prius module. This capacitor failed at 20 amps ripple current after 30 minutes. The ambient temperature was decreased to -40ºC and another single film capacitor was tested from the Prius module. This capacitor failed at 100 amps of ripple current after 35 minutes. Table 4 .1 lists these ripple current limits. All tests were done at 5 kHz. 
SINGLE PRIUS FILM CAPACITOR RIPPLE CURRENT TESTS
SINGLE PRIUS FILM CAPACITOR LEAKAGE CURRENT TEST
Leakage current results measured on a single Prius film capacitor using a Danbridge 621 megohmmeter are listed in Fig. 4 .2. The capacitor was placed in the environmental chamber, and leakage current was measured at five different temperatures: 25ºC, 40ºC, 60ºC, 80ºC, and 100ºC. Leakage current increased through the single Prius film capacitor from 16 nA to 16 µA over the test range of 25ºC-100ºC.
SINGLE PRIUS FILM CAPACITOR ESL TEST
ESL was measured on the single Prius film capacitor using a method and circuit configuration employed by Electronic Concepts, Inc. This circuit is shown in Fig. 4 .3.
Capacitor under test
Fig. 4.3. Circuit used to calculate ESL.
After finding the resonant frequency using the circuit in Fig 4. 3, the ESL is derived as a function of the inductive reactance (X L ) and the capacitive reactance (X C ). At resonant frequency, the two are equal such that X L = X C ; therefore, 2πfL = 1/(2πfC) and from this the equation for inductance is ESL = L = 1/(4π 2 f 2 c). The ESL of the single Prius film capacitor was found to be 147 nH at an ambient temperature of 22ºC. 
MAGNET TEST DESCRIPTION
Magnet samples were evaluated using a Walker Scientific AMH-40 automatic hysteresisgraph. This computer controlled system is used for testing, analyzing, and evaluating the hysteresis properties of hard magnetic materials. The system consists of a PC-based control console, two computer interfaced integrating flux meters, a gauss meter, B and B-H coil sets, two 7-inch diameter variable-gap watercooled electromagnets with cobalt-iron tipped poles, and a 5 kW 50 amp programmable power supply. The 1200-pound electromagnets are capable of generating demagnetizing forces up to 30,000 Orsteds. This system allows the operator to perform five different types of tests; (1) manual H-Field sweep, (2) second quadrant demagnetization curves, (3) complete four-quadrant full hysteresis loops, (4) recoil minor loops after saturation in the first quadrant, and (5) first quadrant saturation or demagnetization of the samples. Also complementing the system is a pulse charger capable of saturating very hard magnetic materials and a Model TCS2 temperature-controlled, water-cooled fixture for testing materials at temperatures ranging from -100 to +300°C. This fixture is used with a compatible, high-temperature coil set with integral thermocouples.
The basic magnetic properties measured using the AMH-40 automatic hysteresisgraph are: residual induction (Br), coercive force (Hc), intrinsic coercivity (Hci), and energy product (BHmax). The Walker Scientific AMH-40 automatic hysteresisgraph is shown in Fig. 5 .1. 
SINTERED MAGNET EVALUATION
A Prius magnet was evaluated as the sintered magnet benchmark using the AMH-40 hysteresisgraph, four-quadrant full hysteresis loop. Two other sintered magnets were evaluated against the Prius benchmark using the same four-quadrant full hysteresis loop: Shin-Etsu's N43TS and a magnet developed at Argonne National Laboratory (ANL). Table 5 .1 shows the Shin-Etsu N43TS sintered magnet is 30% less in Hci than the Prius benchmark magnet at 183ºC. The hysteresis plot of the N43TS shows the knee of the demagnetization curve in the second quadrant. If the operating point of the magnet falls below the knee of this curve, the magnet will have irreversible loss. The Prius magnet has better resistance to demagnetization at elevated temperatures than any other sintered magnet tested. The BHmax of the N43TS magnet is 12% better than the Prius at 183ºC and the Br of the N43TS is 6% better than the Prius. The magnet developed at ANL was not tested beyond 175ºC because it falls far below the Prius benchmark in all areas except Br. In this area, the ANL magnet is 3% better than the benchmark. 
BONDED MAGNET EVALUATION
Arnold Magnetics Plastiform 2205 was evaluated as the bonded magnet benchmark using the AMH-40 hysteresisgraph, four-quadrant full hysteresis loop. Two other bonded magnets were evaluated against the Arnold Magnetics benchmark using the same four-quadrant full hysteresis loop: Ames Laboratory (Ames) MQP-11HTP and Ames MQP-O. Table 5 .2 lists the results.
At 200ºC, the Ames MQP-11 HTP magnet has a 12% higher Hci than the benchmark indicating a superior resistance to demagnetization at elevated temperatures. The BHmax of the MQP-11 HTP is 6% less than the benchmark at 200ºC. The Br of the MQP-11 HTP is just under 8% less than the benchmark at 200ºC. 
SUMMARY
The evaluation and characterization of capacitor and magnet technologies was accomplished through the testing of these components at elevated temperatures and in simulated operating conditions.
CAPACITOR TESTING
There were no prototype film capacitors available for evaluation during this reporting period. The film capacitor evaluated as the benchmark was taken from the Prius HEV capacitor module. The Prius capacitor module contains 10 film capacitors in parallel. Several of these were extracted and used in the evaluation process.
A Kemet 1 uF 500 Vdc ceramic capacitor was evaluated as the ceramic benchmark. Penn State supplied a prototype 90 nF 500 Vdc ceramic capacitor for evaluation. Table 6 .1 shows the results of a static test at 5 kHz of the benchmark capacitors and the ceramic prototype. No other prototype ceramic capacitors were received from developers for evaluation during this reporting period. .93 (-40ºC) .61 (180ºC)
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.
The Kemet capacitor performed worse in the area of capacitance value and ESR as the temperature approached its rated value; whereas the Penn State capacitor started out poorly in both of those areas at lower temperatures, but as the temperature increased the ESR improved over 70% and the capacitance value improved over 370%.
MAGNET TESTING
Several magnets, both sintered and bonded, were evaluated using the hysteresisgraph machine at elevated temperatures. Before these data could be logged, the Walker Scientific hysteresisgraph machine needed the pole pieces replaced to ensure accurate data while using the high temperature fixture. Permadure pole tips were added to the HV-7V electromagnet to allow accurate measurements to be made up to 300ºC.
The Prius sintered magnet was used as the benchmark and proved to be the best sintered magnet at elevated temperatures. The Shin-Etsu N43TS was better at ambient than the Prius, but did poorly at elevated temperatures. The only prototype sintered magnet tested was by ANL, and it did poorly at elevated temperatures.
Two prototype bonded magnets were evaluated against the Arnold Magnetics Plastiform 2205 bonded magnet benchmark. The Ames MQP-11 HTP was 12% better than the benchmark only in Hci, and the
